In order to better understand the test-retest reliability of the ImPACT test battery, 25 undergraduate students completed two ImPACT tests across a time frame of 4 weeks between assessments. Participants had not previously completed ImPACT and had no history of concussion. Pearson's correlation coefficients (r) and intraclass correlation coefficients (ICCs) showed a significant number of participants fell outside 80% and 95% confidence intervals for only Visual Motor Speed scores (but no other indices), whereas all scores were within 80% and 95% confidence intervals using regression-based measures. Results suggest that repeated exposure to the ImPACT test may result in significant improvements in the physical mechanics of how college students interact with the test (e.g., performance on Visual Motor Speed), but repeated exposure across 1 month does not result in practice effects in memory performance or reaction time.
Introduction
The utility of the ImPACT computer-based neuropsychological test, for the purpose of diagnosis, assessment, and management of sports-related concussion, has been a topic of debate in the literature (Lovell, 2006; Mayers & Redick, 2012; Randolph, 2011; Randolph, Lovell, & Laker, 2011; , 2006 Schatz, Kontos, & Elbin, 2012) . A central part this debate has been the reliability of this measure, which has been documented over a period of time ranging from days (Iverson, Lovell, & Collins, 2003) to months (Broglio, Ferrara, Macciocchi, Baumgartner, & Elliott, 2007) to years (Elbin, Schatz, & Covassin, 2011; Schatz, 2010) . Given that reliability coefficients were lower across a 45-and a 50-day period (Broglio et al., 2007) than across 1-year (Elbin et al., 2011) and 2-year (Schatz, 2010) periods, the methodology used by Broglio et al., (2007) was questioned (Schatz, Kontos, et al., 2012) . In Broglio's 2007 study, 34% participants were excluded, due to invalid data, which is considerably higher than documented incidences of: 2.5%-8.7% of high-school athletes (Schatz, Neidzwski, Moser, & Karpf, 2010; Schatz, Pardini, Lovell, Collins, & Podell, 2006) , 5.1% of collegiate athletes (Schatz, 2010) , and 5.0% of professional athletes (Solomon & Haase, 2008) . Further, the remaining 66% of participants in the Broglio et al., (2007) study may have experienced fatigue, proactive, and retroactive interference (e.g., due to successive administration of multiple computerized test batteries), resulting in increased variability in the sample (Schatz, Kontos, & Elbin, 2012) .
The current study was conducted in order to document the test-retest reliability across a time period consistent with an athlete completing a preseason baseline and sustaining a concussion within that same athletic season or academic semester. As a result, we examined the test-retest reliability of the ImPACT test battery, administered independent of any other tests, between assessments across a 4-week time period.
Methods

Participants
Participants were 28 undergraduate students recruited from the psychology department's student research pool. Recruitment exclusion criteria included varsity athlete status, previous exposure to the ImPACT test, previous history of concussion, or invalid performance on the test. Twenty-eight participants completed an initial baseline test, but only 25 were included in the analyses as two participants failed to show for the second assessment, and one participant was excluded due to suspected invalid performance (e.g., scoring more than 3 SD below the normative mean on Visual Memory; see Lovell, 2007) . Female participants (76%), outnumbered males (24%), and all participants reported English as their first language. No participants reported a history of: Attention Deficit Disorder/Hyperactive Disorder, Learning Disability, or treatment for headaches, migraines, seizures, or other neurologic or psychiatric illness.
Materials/Procedure
Saint Joseph's University's Institutional Review Board approved experimental procedures, and each participant provided informed consent. Participants completed the computerized ImPACT baseline test (online version) and returned 4 weeks later for the second assessment. Testing took place in a quiet laboratory setting and was conducted either individually or in pairs, supervised by the same individual (CF). Participants completed the "Baseline" version of ImPACT on the first testing session, and then the "Post-Injury 1" version on the second. These test versions are essentially identical, but incorporate different stimuli (e.g., for memory tasks) or placement of stimuli (e.g., for visual-motor tasks).
Analyses
Participants completing consecutive assessments comprised a within-subjects sample, allowing for the comparison between Times 1 and 2. Dependent measures included the Verbal Memory, Visual Memory, Visual Motor Speed, Reaction Time composite scores from ImPACT, and the Total Symptom scores.
Pearson's product-moment correlations (r) were calculated as a general measure of the strength of linear association between variables at Times 1 and 2. Pearson's r is considered a weak measure of test-retest reliability, in situations where coefficients are high and group means are similar, but there is considerable variation in individual scores from Times 1 to 2 (Rodgers & Nicewander, 1998) . As such, intraclass correlation coefficients (ICCs), considered a better measure of association than Pearson's r (Wilk et al., 2002) , were calculated as the primary indicator of test-retest reliability. ICC can distinguish those sets of scores that are merely ranked in the same order from test to retest from those that are not only ranked in the same order but are in low, moderate, or complete agreement (Chicchetti, 1994 ). The ICC model, "Two-Way Mixed" type "Consistency," was used, using "Average Measures" (Weir, 2005) ; ICC analyses also yield an Unbiased Estimate of Reliability, which reflects the consistency of the baseline assessments (Fleishman & Benson, 1987) .
Reliable Change Indices (RCI; Jacobson & Truax, 1991) are calculated to assess whether a change between repeated assessments was reliable and meaningful. The RCI provides an estimate of the probability that a given difference score would not be obtained as a result of the measurement error (Iverson, Sawyer, McCracken, & Kozora, 2001 ). We calculated and employed a modified RCI formula (Chelune, Naugle, Lüders, Sedlak, & Awad, 1993) , which includes an adjustment for practice effects (see Barr, 2002 , for a more detailed discussion). Finally, regression-based methods (RBMs) were applied to the data. In the RBM, the scores from the first assessment are placed into a regression analysis, using the score at Time 2 as the dependent variable, with the resulting equation providing an adjustment for the effect of the initial performance level, as well as controlling for any regression to the mean . With this technique, regression equations can be built to predict a participant's level of performance on a neuropsychological instrument at retest from the initial testing (Crawford & Garthwaite, 2006) . Following Bonferonni correction, the a level for dependent-samples analyses was set at p , .01. (Table 1) .
Results
Pearson
RCIs were calculated for all Composite and Total Symptom scores. RCIs are presented at 80% and 95% confidence intervals, in accordance with Chelune and colleagues (1993;  Table 2 ). After a time interval of 1 month, only a small percentage of participants' scores fell outside the range of normality, as denoted by these techniques. The RBM (Table 3) served as a more conservative measure, with no follow-up baseline scores falling outside of expected ranges. Regression-based measures, using 80% and 95% confidence intervals, revealed that follow-up baseline scores showed considerable stability (Table 3 ). All scores from follow-up baseline assessments fell within an 80% confidence interval; 88-91% of all follow-up baseline Composite and 86% of the followup Symptom Scale scores. Nearly all scores from follow-up baseline assessments fell within a 95% confidence interval; only a small percentage of scores from Visual Memory (1.0%), Reaction Time (0.2%), and Symptom Scores (2.4%) fell outside of the cut-off.
Given that the test-retest reliability of ImPACT has also been studied across 7 days, 45 days, 1 year, and 2 years, we compared the current data with Pearson's correlation coefficients and ICCs from published literature (where available, see Table 4 ). ICCs and/or Pearson's r all show a progressive pattern of decline from 7 to 30 days to 1 to 2 years, with two exceptions: (i) The 45-day test-retest reliability data from Broglio et al., (2007) is lower than data from all other time intervals and (ii) the Visual Memory scores from the current study are lower than data from 7 days, 1 year, and 2 years.
Discussion
This study examined the short-term test-retest reliability of assessments collected using the online version of the ImPACT test battery. The results suggest that college students may benefit from repeated exposures across a 1-month time period, but only in the (Chelune et al., 1993-upper) :
a D80% ¼ absolute point change required for Reliable Change at 80% and 95% range (with the percent of participants with change scores within cut-off in parentheses).
form of significant improvements in Visual Motor Speed scores. However, the remainder of the baseline composite scores remained relatively stable across a 1-month time period. Statistically significant between-assessment changes in Visual Motor Speed scores were supported by RCI data, showing a significant number of participants fell outside 80% and 95% confidence intervals. In contrast, all scores using the RBM were within 80% and 95% confidence intervals. Overall, these results suggest that repeated exposure to the ImPACT test across a 1-month interval does not result in practice effects in memory performance or reaction time. Comparison with ImPACT test-retest data in the literature reveals a steady pattern of decline, as a function of the time between assessments, with a few exceptions. Most notably, Broglio et al.,' (2007) Pearson's r and ICCs data are lower. In this regard, the present sample yielded only 3.8% (n ¼ 1) invalid baselines, the time interval was only 2 weeks shorter (e.g., than their 45-day interval), and the current results are more in register with 1-year test -retest data. As such, questions about the methodological rigor of Broglio et al., (2007) in the context of completing four complete computer-based test batteries, on three occasions, comprising similar tasks and similar constructs may have contributed to variability in performance in their study. In addition, the online version of the ImPACT test uses the keyboard input for choice reaction time (e.g., different hands), whereas the desktop versions uses mouse input (e.g., different fingers on the same hand). Although this revision has resulted in decreased "left-right confusion" and a subsequent decrease in associated elevations on Impulse Control scores (Schatz, Moser, Solomon, Ott, & Karpf, 2012) , previous test-retest reliability research has utilized both the desktop version (Broglio et al., 2007; Iverson et al., 2003; Schatz, 2009 ) as well as the online version (Elbin et al., 2011) , which may have contributed to variation in findings.
It is important to view these results in the context of its limitations. Participants were college students, but not varsity athletes, and may have presented to testing with significantly different motivations and interest. In addition, this was conducted as a pilot study, so the sample size is quite small, and not balanced by gender. In spite of these limitations, the current results were remarkably similar to previously reported test-retest results from larger samples (as cited in Table 4 ). Future research should focus on replicating these results: (a) in a larger sample, (b) in similar and longer time frames, (c) in athletes, and (d) across younger and older participants.
